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Abstract 

The study of competing ground states is a central issue in condensed matter physic. In this article 
we will discuss the interplay of antiferromagnetic order and unconventional superconductivity in 
Ce based heavy-fermion compounds. In all discussed examples superconductivity appears at the 
border of magnetic order Special focus is given on the pressure-temperature-magnetic field 
phase diagram of CeRhlns and CeCoIng which allows to discuss microscopic coexistence of 
magnetic order and superconductivity in detail. A striking point is the similarity of the phase di- 
agram of different classes of strongly correlated systems which is discussed briefly. The recently 
discovered non-centrosymmetric superconductors will open a new access with the possible mix- 
ing of odd and even parity pairing. 
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1. Introduction 

The interplay of rivaling ground states and the appearance of unconventional superconductiv- 
ity close to quantum critical points is a central issue in the physics of strongly correlated electron 
systems. This includes the search for new superconductors but also the understanding of the 
superconducting pairing mechanism. Ideal model systems for these studies are metallic heavy- 
fermion systems jll], but includes also high-rc cuprates fl, organic charge transfer salts [Q, and 
the recently discovered iron pnictide and chalcogenide superconductors [4]. In all these systems 
the superconducting phases exist at the border of rivaling ground states such as a magnetically 
ordered state and a paramagnetic state. In heavy-fermion systems both coexistence of antifer- 
romagnetism (AF) or ferromagnetism (FM) with superconductivity has been observed and have 
been intensively studied. 

Intermetallic lanthanide or actinide compounds allows detailed studies of the interplay of dif- 
ferent orders. The strong Coulomb repulsion in the 4/ of 5/ shells and the strong hybridization 
with the conduction electrons give rise to the formation of heavy quasiparticles with a strong en- 
hancement of the electron mass m* up to 100 times higher than that of a usual metal. The strong 
electronic interactions can lead to a variety of different ground states: paramagnetic or magneti- 
cally ordered, coupled or not with superconductivity. Due to the very large electronic Griineisen 
parameter the ground state of the heavy electron systems is very sensitive to external control pa- 
rameters like pressure (p), doping, or magnetic field (H) and it can be tuned continuously from 
one ordered state to the other By suppressing the ordering temperature to J = a quantum 
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Figure 1: Schematic phase diagram of heavy fennion compounds indicating the interplay of antiferromagnetism (AF) 
and superconductivity (SC). (a) Temperature pressure phase diagram in absence of superconductivity. Close to the 
critical pressure pc quantum criticality gets important and the magnetic order and the Fermi liquid regime collapses, (b) 
Superconducting phase without magnetic order, (c) Coexistence of AF and SC, (d) first order transition and separation 
of magnetism and superconductivity, (e) Magnetic field - pressure phase diagram at T = with the collapse of Hm at 
the critical pressure and its interplay with the superconducting dome around pc- 



phase transition (QPT) can be induced by pressure. If a second order phase transition vanishes 
continuously to T = as function of a non-thermal control parameter a so-called quantum crit- 
ical point (QCP) can be achieved. In principle the heavy fermion state is that of a renomialized 
Fermi liquid with the linear jT term of the specific heat C and the Pauli susceptibility ;t'o strongly 
enhanced by a factor of 100 to 1000 in comparison to a classical metal. Furthermore the A coef- 
ficient of the electrical resistivity p{T) - po + AT^ is very large and related to the specific heat 
coeflicient y = C/T by the so-called Kadowaki- Woods relation A/y^ = const due to the strong 
local character of the magnetic fluctuations [SJ. However, at a finite region around the critical 
value of the control parameter significant deviations from the Fermi-liquid behavior are observed 
experimentally with a strongly increasing specific heat coefficient C/T and a non quadratic tem- 
perature dependence of the resistivity to lowest temperatures. The origin of the non-Fermi liquid 
behavior is directly linked to the diverging coherence length of critical fluctuations at the critical 
point at r = 0. A recent review on quantum phase transitions in heavy fermion systems is given 
inRefs. 110]. 

2 



In difference to a classical phase transition at finite temperature where critical fluctuations are 
restricted on a small fraction of a reduced temperature scale, such an energy scale does not exist 
at a quantum phase transition and the system is governed by quantum fluctuations. However, this 
standard picture of a spin fluctuation driven transition from a magnetically ordered system to a 
paramagnetic system is not universal. E.g. the collapse of the magnetic order in the archetype 
non-Fermi liquid systems CeCue-.tAu^ or YbRh2Si2 cannot be described in the frame of spin- 
fluctuation theory. One recent theoretical concept is the so-called Kondo-breakdown scenario 
Here, the corresponding transition from the paramagnetic to a magnetic ground state is referred to 
as local criticality where the antiferromagnetic transition is accompanied by a partial localization 
of the f-electrons and a significant change of the Fermi surface volume is expected to appear at 
the critical pressure [8J. Other theoretical scenarios include an selective Mott transition of the 
/ electrons and for YbRh2Si2 it has been shown that many properties of the field driven 
quantum critical point in that system can be described by assuming a Zeeman-driven Lifshitz 
transition of narrow quasi-particle bands [lOJ. Superconductivity has not been observed in these 
systems. 

While previous approaches discuss the spin degrees of freedom, critical valence fluctuations 
give rise to quantum criticality too, see Ref.,1 1,). There it is shown that not only critical magnetic 
fluctuations may drive the system to superconductivity, but also critical valence fluctuations. This 
model has been basically developed after the observation of a second superconducting regime in 
CeCu2Si2 and CeCu2Ge2 under high pressure [12[ [Tsl [Til . Very often both the magnetic and 
valence criticality are coupled, and both channels will contribute to the Cooper pairing. 

In Figllfa) the pressure-temperature phase diagram of a heavy-fermion systems in a conven- 
tional spin fluctuation picture is plotted. Antiferromagnetic order vanishes at a quantum critical 
point and Fermi-hquid behavior is recovered on the paramagnetic side llsL 11611 . Figure [Ttb) 
shows the phase diagram of a superconductor, and the superconducting state is expected to exist 
over a dome in the pressure-temperature plane. In heavy-fermion systems these two phase dia- 
gram appears to be combined and a dome like unconventional superconducting state appears in 
the vicinity to the QPT where the quantum fluctuations diverge. These critical fluctuations are 
responsible for the attractive pairing interaction for the unconventional superconductivity 
In Fig. [TJc-d) we sketch the phase diagrams with (i) a coexistence regime of antiferromagnetic 
order and superconductivity AF+SC, with four second order transition lines coming together at 
a tetra-critical point at Tpf - Tc for a critical pressure p*, or (ii) a first order transition between 
the antiferromagnetic phase and superconductivity which will also appear at a critical pressure 
p*. In that case, phase separation between magnetic non-superconducting and paramagnetic su- 
perconducting phases may appear without any homogeneous coexistence. The application of a 
magnetic field atT -Q will lead to the phase diagram sketched in Fig.lTfd). The important nov- 
elty will be the interplay of antiferromagnetism and superconductivity in the vortex state below 
Pc- Again, the coexistence of magnetism and superconductivity will appear below the critical 
pressure. 

In the following we want to concentrate on Ce-based heavy-fermion compounds. The ground- 
state properties of these compounds are, in a simple picture, determined by the competition of 
the onsite Kondo interaction (where due to the exchange coupling of the local 4/ spin to the 
conduction electrons the magnetic moment is screened and thus a paramagnetic ground state 
is formed) and the inter-site RKKY interactions (which gives rise to a magnetically ordered 
state). The competition of both interactions has been discussed in the so-called Doniach model 
llS^. Both interactions depend critically on the hybridization strength of the 4/ states and the 
conduction states which can be easily modified by applying hydrostatic pressure. Thus, it is 
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possible to tune an antiferromagnetic heavy-fermion systems from a magnetically ordered state 
to a paramagnetic state by applying pressure as shown schematically in Fig.[T] 

Heavy-fermion superconductivity has been first observed in CeCu2Si2 [19]. All supercon- 
ductors discovered before had been conventional (phonon-mediated) superconductors and small 
amounts of rnagnetic impurities suppresses superconductivity in a conventional superconductor 
(see e.g. Ref. l20r) . On the contrary, in CeCu2Si2 the lattice is formed of Ce^^ Kondo ions at regu- 
lar lattice sites and small amounts of doping with non-magnetic impurities suppresses the super- 
conducting state ||2 1.1 . At that time CeCu2Si2 was thought to be a paramagnetic heavy-fermion 
superconductor, but ten years later observations of tiny antiferromagnetic order have been re- 
ported II22II23II . In the 80th and beginning of the 90th superconductivity has been found in dif- 
ferent U-based heavy-fermion compounds: UBei3 L24J, UPt3 L25J,URu2Si2 126], UNi2Al3 fi^], 
and UPd2Al3 ll27ll . The development of high pressure experiments and the progress in sample 
quality led to the observation of pressure induced superconductivity in several Ce-based heavy 
fermion compounds close to their magnetic instability. The first example has been CeCu2Ge2 
which is isoelectronic to CeCu2Si2 ll29ll . and soon after CeRh2Si2 [30], Celn3 and CePd2Si2 
llsi . 321. These compounds are antiferromagnetically ordered at ambient pressure and supercon- 
ductivity appears only under high pressure and at very low temperature (T^ < 600 mK), which 
makes a detailed analysis of the competition of both phenomena experimentally very difficult. A 
breakthrough was the discovery of superconductivity in the CeTIns (T -Co, Rh, Ir) compounds 
[33, 34. ^5]. In this so-called Ce-115 family of compounds it is possible to perform precise 
measurements of the magnetic as well as of the superconducting properties and to study their 
interaction thanks to their high superconducting transition temperature of Tc ~ 2 K . 

The superconductivity in the recently discovered systems with a non-centrosymmetric crystal 
structure like CePt3Si [36] and the Ce-1 13 family CeTX^ {T^ Co, Rh, Ir; X= Si, Ge) Q show 
novel superconducting pairing mechanisms and very exciting properties, as e.g. the very huge 
upper critical fields close to the critical pressure 11381 . 

Up to now more that 30 different heavy-fermion compounds have been observed which show 
superconductivity at ambient or high pressure {3^. In this article we want to discuss selected 
examples: (i) CeCu2Si2 and CeCu2Ge2 showing two different superconducting domes under 
pressure with the one at low pressure being connected to a magnetic instability and the high 
pressure dome to critical valence fluctuations (ii) We will review the examples of CePd2Si2 
and Celn3 which show rather low superconducting transition temperatures, (iii) The Ce-115 
family with the special focus on CeRhlns and CeCoIns will be reviewed, and (iv) finally we 
will shortly discuss the case of the non-centrosymmetric compound CeIrSi3 studied in Grenoble 
thanks our collaboration with Osaka University. 



2. CeCu2Si2 

The discovery of the first heavy-fermion superconductor, CeCu2Si2 in 1979 ['l^, which also 
has been the first case of superconductivity in strongly correlated electron systems, was quite a 
surprise (see Fig. |2]l as just above Tc ~ 600 mK the magnetic entropy coming from the spin of 
the Ce atoms is still large (~ 0.1 Rlog2) and thus, at first glance, local spin fluctuations acting 
as individual depairing Kondo centers are considered to be a strong pair breaking mechanism. 
It took almost three decades to clarify the case of CeCu2Si2 as its superconducting properties 
are very sensitive to the sample stoichiometry ll4lll . Now it is well established that CeCu2Si2 
at ambient pressure is close to an antiferromagnetic instability. Tiny differences in the com- 
position can induce antiferromagnetism. However, the same incommensurate wave vector Qaf 
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Figure 2: Specific heat divided by temperature of CeCu2Si2 in zero field and at 4 T (from |40|| ) 



- (0, 215 0, 215 0, 53) was observed associated to strong magnetic fluctuations or to long range 
magnetic order with the magnetic ordering vector being connected to Fermi surface nesting ll42ll . 
Extensive NMR experiments have already demonstrated the strong interplay between antiferro- 
magnetism and superconductivity |43, 44] in CeCu2Si2. However, by contrast to the Ce-115 
series (see below), superconductivity and magnetic order do not coexist, but repeal each other, 
i.e. superconductivity seems to push out the antiferromagnetism ll45ll which may be forced to 
disappear via a first order transition. 

High pressure experiments performed on CeCu2Si2, Ge doped, and pure CeCu2Ge2 have 
shown that the {T,p) phase diagrams of these systems have two superconducting domes 
||29, 12, 14, 13J as shown in Fig. [3] SC 1 is governed by magnetic fluctuations and SC 11 is 
caused by valence fluctuations (see Fig. [3]). Thanks to studies on CeCu2Ge2 which is at ambient 
pressure an antiferromagnet, there is no doubt that the appearance of superconductivity (SC 1) is 
linked to the collapse of magnetism. 

The disappearance of the crystal field splitting, the large linear T term of the resistivity, an 
anomaly in the pressure dependence of the thermoelectric power, and the concomitant strong 
decrease of the Kadowaki Woods ratio A/y^ [12. 131 indicate that for p ~ pv, where the second 
superconducting dome SC II is centered, the Ce ions enter in a new weakly correlated electronic 
phase. It is characterized by a sharp crossover from a quasi- trivalent state of the Ce ions to an 
intermediate valence state which is associated with the loss of the crystal field effect, e.g. to a 
change of the degeneracy from 2 to 6 being the degeneracy of the full multiplet. Even if the 
occupation number of the 4/ shell drops only from «/ ~ 0.98 to ny ~ 0.9 at p ~ pv the con- 
sequences on the spin dynamic will be large as its local temperature (Tk ~ 1/(1 - «/)) depends 
critically on small variations of n f. Experimentally it has never been demonstrated by high en- 
ergy spectroscopy that an abrupt valence change occurs at pv (see e.g. recent work using resonant 
X-ray scattering 1,46,1 ). It may correspond only to a smooth crossover li47J . However there is mi- 
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Figure 3: High pressure phase diagram of CeCu2Ge22 and CeCu2Si2 showing two superconducting domes, SC I and SC 
II. SC I appears at the magnetic quantum critical point pc, SC II is centered at the critical valence transition pv- T"""' 
and r™ ' indicate the maxima of the resistivity corresponding to the Kondo temperature and to the Kondo temperature 
of the full multiplet. (adapted from Ref. H3.1 . Experiments on Ge doped crystals of CeCu2Si2 show the separation of 
both domes fT4ll. 



croscopic evidence by NQR experiments that the electrical field gradient and the crystal field 
splitting change around p - 4 GPa |48]. At least it is well established that in CeCu2Si2 spin and 
valence criticality are well separated lll4ll . In the following examples of Celn3 and CePd2Si2, 
they cannot be clearly distinguished. 

Up to now, only a few orbits with light carriers have been detected by quantum oscillations 
in CeCu2Si2 due to the combined effects of the large masses and and single crystals with rather 
poor residual resistivity ratios [49] . As will be shown below, the high quality of the crystals of 
the Ce-115 family gives the opportunity to correlate the occurrence of superconductivity with the 
Fermi surface topology. 

Finally, concerning the superconducting order parameter, singlet pairing with nodes of the 
gap occurs, but there is no microscopic evidence of the exact location of line or point nodes. 
Recent inelastic neutron experiments indicates also the occurrence of superconducting resonance 
characteristic of singlet pairing at the antiferromagnetic wave vector Qaf [50] but the signal is 
rather broad and extends ten times the gap value whereas in CeColns a much sharper, resolution- 
limited resonance has been found [,5 1,1 (see below chapter|6]i. 
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Figure 4: From lest to right : ThCr2Si2 crystal structure of Ce-122. the BaNiSns structure of non centrosymmetric 
Ce-1 13 systems, the cubic structure of Celns, and HoCoGaj structure of the Ce-115, and (right). 



3. Low Tc compounds : CePd2Si2 and Celns 

3.1. CePd2Si2 

CePd2Si2 crystallizes in the same tetragonal structure than CeCu2Si2 (see Fig. |4]i. At ambi- 
ent pressure antiferromagnetic order develops below = 10.2 K with an propagation vector 
Q - (1/2, 1/2,0) and with the magnetic moments oriented along [110] |54]- The ordered mag- 
netic moment Mq - 0.62//^ is slightly reduced compared to the free Ce^^ momentum in the 
crystal electric field. By inelastic neutron spectroscopy, Kondo-type spin fluctuations have been 
observed in the paramagnetic state above which coexist with spin-wave excitations below 



Tn II55I1 . The Kondo temperature Tk ~ 10 K a; has been estimated from neutron scatter- 



ing and from NMR measurements 11551 15611. T he Sommerfeld coefficient of the specific heat 
y = 125 mJ/moleK^ is slightly enhanced 15711 and the resistivity at low temperatures can be 



SllTl 

lis 

well fitted with a Fermi liquid term AT^ and an additional exponential term taking into account 
the spin-wave scattering [58]. Quantum oscillation experiments and the comparison to band- 
structure calculations implies that the 4/ electrons are itinerant rather than localized inside the 
magnetically ordered state at ambient pressure llsoll . even if the magnetic moment is rather large. 
Thus, CePd2Si2 is a moderate heavy-fermion systems and had been a very promising candidate 
to study the pressure induce quantum critical point. 

Pressure induced superconductivity has been first reported by Grosche et al. [32]. The 
pressure-temperature phase diagram of CePd2Si2 as determined from resistivity experiments by 
different authors is shown in Fig. |5] The experiments are performed under hydrostatic pressure 
conditions, either a liquid pressure transmitting medium in a large volume high pressure cell 
ll3lll52[l . either in a diamond anvil cell with Helium as pressure medium. Experiments in Bridg- 
man cell had shown a much larger superconducting region 1,58. ,60] . The effect of non-hydrostatic 
pressure conditions in this tetragonal systems have been nicely demonstrated by careful exper- 
iments with weak uniaxial stress in a Bridgman type anvil cell. It has been shown that a stress 
applied along the c axis shifts the collapse of the magnetic transition and the superconducting 
transition to much higher pressures [61], implying the need of excellent pressure conditions. 

Under hydrostatic pressure the magnetic transition temperature is monotonously sup- 
pressed and extrapolates to zero near pc - 2.8 GPa. Remarkably, the pressure dependence 
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Figure 5: Pressure-temperature phase diagram of CePd2Si2 under hydrostatic conditions. The inset shows a zoom on 
the superconducting transitions. Circles are taken from Ref. 31, diamonds from Ref. 52, and triangles from Ref. 53, In 
Ref. [3l | the superconducting transition temperature is defined by the midpoint of the superconducting transition, while 
in refs.152. 53, T^. has been defined by the onset of the transition and a complete superconducting transition has been only 
observed close to the maximum of T^. 



Tm{p) above p — 1.5 GPa is linear which is not consistent with the predictions of the conventional 
spin-fluctuation model of a three dimensional antiferromagnet 11 15116211 and has been interpreted 
as indication of two dimensional fluctuations. As the magnetic structure of antiferromagnetically 
coupled ferromagnetic planes is stabilized by the in-plane interactions only ll63ll . such lower di- 
mensionality could be realized. NMR experiments under high pressure may clarify this point. 
This interpretation has been supported by the temperature dependence of the resistivity, which 
shows close to the critical pressure pc - 2.8 GPa strong deviations from Fermi-liquid behavior 
and a quasi-linear temperature dependence p(T) oc T" with n * 1.2 - 1.3 in a broad temperature 
range up to 40 K i3lll52ll . This non-Fermi liquid ternperature dependence has been also observed 
under high magnetic field, at least up to // = 6 T 05211 . Another mark of the critical pressure is 
given by the strong enhancement of the A coefficient of the resistivity at pc- 

Magnetic neutron diffraction experiments have been performed up to 2.45 GPa and a nearly 
linear relation between the magnetic ordering temperature and the staggered magnetization as a 
function of pressure has been found [64], which supports an itinerant picture for the magnetism 
in CePd2Si2, in agreement with the quantum oscillation experiments at p - 0. 

Superconductivity appears only on a small dome around the critical pressure p^ ~ 2.8 GPa 
(see inset of Fig. |5]l. The phase diagram has been drawn only by resistivity, and away from the 
critical pressure the observed transition is not complete. Bulk nature of superconductivity at the 
critical pressure has been proved by ac calorimetry [61,] where a specific heat anomaly has been 
detected at a temperature which coincides with the vanishing of resistivity. The upper critical 
field Hc2 and the initial slope dHci/dT at Tc are large and anisotropic (//"jCO) = 0.7 T with 
dHydT = -12.7 T/K and H^jCO) = 1.3 T with dWJdT = -16 T/K) [521 which indicates the 




Figure 6: Pressure-temperature phase diagram of Celns . At ~ 2.6 GPa tiie antiferromagnetic order is suppressed and 
a paramagnetic Fermi liquid state is acliieved for p > Pc (taken from Ref.|^). Tm gives tlie higii temperature maximum 
of the resistivity which is a measure for the crystal field splitting ( 67]. Open triangles indicate the temperature T* where 
the spin lattice relaxation rate l/Ti stalls to decrease and gives a rough estimation of the Kondo temperature (taken from 
Ref. [63) . Ti indicated the crossover to a Fermi liquid regime. 



pairing of heavy electrons. From these values the upper limit of the superconducting coherence 
length ^0 can be estimated and yielding values of 300 A and 230 A for the field along a and c 
axis, respectively. For both directions is much smaller than the estimated mean free path { 
deduced from the residual resistivity po ~ Ijt/Ocm, indicating a clean limit. 

No experiments have been performed to determine the superconducting order parameter The 
main problem for more detailed studies of the competition of antiferromagnetism and supercon- 
ductivity in CePd2Si2 are the (i) sensitivity to non-hydrostatic pressure conditions, and (ii) the 
appearance of bulk superconductivity only at very low temperatures Tc < 400 mK and on a small 
pressure dome centered at pc ~ 2.8 GPa. 

3.2. Celnj, 

The Kondo-lattice compound Celns crystallizes in the simple cubic AuCu3-type structure (see 
Fig.Hl) and thus the pressure-temperature phase diagram is much less sensitive to difi^erent pres- 
sure conditions. Magnetic order appears in Celns below T - 10.1 K and the magnetic structure 
is simple type-II antiferromagnetic \,65% i66i] . The Ce moments are aligned antiferromagneticaUy 
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Figure 7: Pressure dependence of the exponent n and the coefficient A of the resistivity p = po + A„r" (taken from 
Ref.lii). 



in adjacent (111) ferromagnetic planes. The ordered magnetic moment Mq - OSjiB is reduced 
by comparison with the saturation moment of the doublet. Like in CePd2Si2 inelastic neutron 
scattering on single crystals show quasi-elastic Kondo-type spin fluctuations and a broadened 
crystal field excitation above r^v which coexists with well defined spin-wave excitations below 
in the antiferromagnetic state ll67ll . The crystal-field splitting between the low lying doublet 
and the Fg quartet is about 125 K. 

The pressure-temperature phase diagram of Celn3 shown in Fig.|6]has been studied by resis- 
tivity fw, '68*1, ac calorimetry i'tT'i, NQR experiments coupled with ac susceptibility I72i l69ll . 
neutron diffraction [731 , de Haas van Alphen (dHvA) experiments [74»lZ5J ™d penetration depth 
studies ll76ll . The Neel temperature is monotonously suppressed under pressure and Tj^ extrap- 
olates to zero at pc ~ 2.6 GPa. By contrast to CePd2Si2 the phase diagram is rather robust and 
no significant differences have been observed by changing pressure conditions. The exact loca- 
tion of the critical pressure pc varies from pc - 2.46 GPa to pc - 2.65 GPa. The temperature 
dependence of the resistivity shows in the antiferromagnetic ordered regime a stronger than 
dependence due to the presence of magnon scattering (see Fig. |7]l. Above the critical pressure 
a paramagnetic Fermi Uquid ground state appears and the range of the existence of this regime 
increases linearly with pressure. At the critical pressure, a T^l^ temperature dependence has been 
repo rted in agreement with the predictions of the spin-fluctuation theory for a 3D antiferromagnet 

At low pressure p < 1.5 GPa the temperature of the maximum of the resistivity Tm, and the 
Neel temperature Tf^ shows only a small pressure dependence. In that pressure region the nuclear 
spin lattice relaxation rate l/Ti is constant above Tf^ characteristic of the response of localized 
moments. Above 1.5 GPa Tm starts to increase, and furthermore a decrease of 1 jTi is observed 
in the temperature range Tf^ < T < r* i72ll . This indicates the formation of heavy fermion band, 
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Figure 8: Pressure dependence of the dHvA frequency (upper panel) and its cyclotron effective mass (lower panel) in 
Celn3 for the magnetic field along the principal axes H || [100] (taken from Ref . |74|) . Above the critical pressure ~ 2.6 
GPa the heavy a branch could be detected. 



and the description of magnetism by the spin-fluctuation theory for itinerant electrons instead of 
a local moment pictures appears to be valid. 

A small superconducting dome appears in clean samples around pc- Superconductivity has 
been proven by resistivity (p = 0) but also by NMR experiments indicating a bulk transition. 
The initial slope dHcildT - -3.2 T/K and the HciiO) = 0.45 T are also characteristic values 
for a superconducting state built from heavy quasiparticles with a critical temperature Tc - 
0.2 K. Thus it has been argued that Celnj, is a prototypical example for spin fluctuation driven 
superconductivity at a quantum critical point. 

Detailed studies of the Fermi surface and NQR show that the situation is more complicated. 
The Fermi surface of Celnj, has been investigated by de Haas van Alphen (dHvA) measurements 
up to very high magnetic fields [77, 78, 79] and under high pressure up to 2.8 GPa [80, 7^. 
The experiments and comparison to band structure calculations give indications of a localized 
4 / character of the 4 / electrons in the antiferromagnetic state at ambient pressure. This has also 
been concluded from positron annihilation radiation [81, 82]. Under high pressure above a 
change in the dHvA frequencies has been observed which may indicate an abrupt change in the 
Fermi-surface volume 18^ 74 1 as shown in FigjS] which could be the fingerprint of a localized 
— > delocahzed transition. 
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Microscopic information on the interplay of magnetism and superconductivity has been de- 
duced from NQR studies under high pressure [72. ,83. ,69] . The transition from the antiferro- 
magnetic to the paramagnetic state is first order and Tf^ipc) - 1.2 K. Phase separation into 
antiferromagnetism and paramagnetism appears in the vicinity of pc, indicating that no second 
order quantum critical point appears in Celn3, but that the quantum phase transition is first or- 
der Unconventional superconductivity occurs on both sides of pc- Below pc in the coexistence 
regime a constant l/TiT has been reported, while above pc just below Tc a power-law like T 
dependence of l/Ti indicates line nodes of the gap. 

To summarize, superconductivity appears in Celns in the vicinity of an antiferromagnetic to 
paramagnetic first order quantum phase transition. This first order transition is accompanied by 
an abrupt change of the Fermi surface volume at pc- The origin of the transition is the competition 
of antiferromagnetism and paramagnetism in the vicinity of pc. However, except by NQR, no 
microscopic experiments have been performed to study the coexistence range. Furthermore, 
there is a lack of thermodynamic investigations under high pressure which are indeed extremely 
challenging, due to the low Tc = 200 mK. 



4. The Ce-115 family 

A breakthrough in the field of the interplay of antiferromagnetism and superconductivity has 
been the discovery of pressure induced superconductivity in CeRhlns [33] and later at ambient 
pressure in the CeCoIns |34] and Celrlns llssll . The crystal structure of these compounds is 
tetragonal and belongs to the family with the generalized stoichiometry Ce„M„,In3„+2m in which 
n layers of Celns alternate with m layers of MIn2. The structure of the Ce-115 (n = l,m = 1) 
family is shown in in Fig.|4]i. Members of the double layered structure getting superconducting 



at ambient pressure are e.g. Ce2CoIn8 {T^ 1 K) (Ml orCe2PdIn8 (T,. ^ 0.70 K) (SSilMlSTD. A 
common feature of all the systems is that superconductivity appears close to a magnetic quantum 
critical point. For spin fluctuation mediated superconductivity it has been shown that a reduction 
of the dimensionality favor superconductivity (jssl j89|] . This seems to be supported by the strong 
increase of from Tc = 0.2 K in Celnj to Tc ~ 1 K in the two-layer compounds and Tc ~ 2 K in 
the Ce-115 compounds. The Fermi surface of Ce-115 compounds consists of nearly cylindrical 
Fermi surfaces and small ellipsoidal ones. The cylindrical sheets reflect the two dimensional 
character of the electronic system being responsible for the enhancement of Tc lH^]. It has also 
been noticed that an increase of the Tc goes together with an increase of the c/a ratio of the lattice 
parameters [91i,]. 

Superconductivity in this structural family is not only restricted to Ce compounds, but has also 
been observed in two iso-structural Pu compounds, PuCoGas (Tc ~ 18.5 K) |92] and PuRhGas 



{Tc ~ 8 K ll93[l . In the following we concentrate on the Ce- 115 compounds CeRhlnj and CeCoInj . 



5. Antiferromagnetism and Superconductivity in CeRhlns 

5.1. High pressure phase diagram 

At ambient pressure CeRhlns orders below T^ = 3.8 K in an incommensurate magnetic struc- 
ture with an ordering vector Qic-iO.5, 0.5, 6) and S = 0.297 |96]. The staggered magnetic 
moment yU - 0.59fj.B at 1.9 K is reduced of about 30% in comparison to that of Ce ion in a 
crystal field doublet without Kondo effect indicating partial Kondo screening of the mo- 
ment. A moderate enhancement of the Sommerfeld coefficient of the specific heat y = 52 mJ 
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Figure 9: Pressure-temperature phase diagram of CeRliInj at zero magnetic field determined from specific lieat measure- 
ments with antiferromagnetic (AF, blue) and superconducting phases (SC, yellow). A coexistence phase AF+SC exists 
below p* . The blue square indicate the transition from SC to AF+SC after Ref.i94l 



mol~^K~^) 1 98 1 and of the cyclotron masses in dHvA experiments [99, lOOll have been observed. 
The topology of the Fermi surface of CeRhlns is similar to that of LaRhlns and the observed 
Fermi volume is small indicating that the 4/ electrons preserve their localized character at am- 
bient pressure in presence of weak hybridization with the co nduction electrons. Modeling of the 
electronic structure of CeRhlns support this view lIlOl , 102 ] . 

Studying the high pressure phase diagram of CeRhlns permits to get much deeper insights on 
the interplay of magnetism and superconductivity as the Neel and the superconducting transition 
temperature reach the same order of magnitude. With pressure the balance between the RKKY 
interaction and the Kondo interaction can be tuned and the magnetism is suppressed. In Fig.|9] 
we show the pressure-temperature phase diagram obtained by ac calorimetry OlOSll . The Neel 
temperature shows a smooth maximum around p - 0.8 GPa and for higher pressures 
decreases monotonously. A linear extrapolation of Tat —> would indicate a quantum critical 
pressure of pc - 2.5 GPa in absence of superconductivity. However, pressure induced supercon- 
ductivity appears on a broad pressure range, 0.1 GPa < p < 5.5 GPa. There is also report on 
superconducti vity at am bient pressure in very high quality samples, but the bulk nature is still 
under debate lll04 Il05ll . The pressure of the maximum of the superconducting transition tem- 
perature r"""^ X! 2.2 K coincides with the linear extrapolation ofT^^Q at pc- The appearance 
of superconductivity under pressure lead to suppress rapidly the antiferromagnetic order when 
= » 2 K at p* ^ 2 GPa. Just above the vicinity p* a supercon ducti ng state with d- 
wave symmetry is formed and in zero magnetic field magnetism is absent fl06^. This is mainly 
concluded from the temperature dependence of the nuclear spin relaxation rate l/Ji and the 
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Figure 10: (a) Specific heat in Cac/T (left scale), resistivity (right scale) and the derivative dp/dT of the resistivity at 
p = 1.7 GPa of CeRhlns. A tiny bulk superconducting transition in the specific heat appears at much lower temperature 
than the transition in the resistivity, (b) Temperature variation of the peak intensity measured for Q = (1/2, 1/2,0.4) at 
1.7 GPa on IN22 for a counting time of 25 min./point (see Ref. 95). Lines are guide for the eyes. 



absence of a Hebel Slichter peak. The intuitive picture is that the opening of a superconducting 
gap on large parts of the Fermi surface above p* impedes the formation of long range magnetic 
order Thus, a coexisting phase AF+SC in zero magnetic field seems only be formed if on cool- 
ing first the magnetic order is established. It should be stressed that the superconducting phase 
transition below p* seems inhomogeneous, as large differences in Tc established from different 
experimental probes have been reported as shown in Fig. [TO]for p - 1.7 GPa. The supercon- 
ducting specific heat anomaly at is not at all BCS type. Thus the occurrence of homogeneous 
superconductivity must be associated with a modified magnetic order 

No concluding picture on the magnetic structure under high pressure has been achieved up 
to now from neutron scattering experiments. This m ay be due to very strong sensitivity of the 
ground state to non-hydrostatic pressure conditions ||95[ llOTIl . The magnetic ordering vector 
changes with pressure and Qic=(0.5, 0.5, 6 - OA)at p = \.l GPa and the ordered moment 
jjL < O.ljiB is significantly reduced (see Fig. [TOliTOl. In Ref. lo? it has been stated that when 
the temperature is lowered ai p ^ 1.5 GPa, the magnetic Bragg peak with 6 - 0.326 rapidly 
disappears and instead a new peak with 6 - 0.39 suddenly emerges at a temperature close to 
the superconducting transition temperature. This points to a direct interplay of superconductivity 
and magnetism. However, neutron diffraction experiments failed up to now to get closer to the 
first critical pressure p*. 

Detailed NQR experiments enlightened the AF+SC state 194 llOSll and give strong evidences 
for homogeneous coexistence of superconductivity and antiferromagnetic order Here is has been 
nicely shown that the m agnet ic structure gets commensurate (S = 0.5) when superconductivity 
appears for p > 1.7 GPa 1 108]. Below p* it is observed that the phase transition on cooling from 
AF to AF+SC looks quite inhomogeneous, but far below T^, the spin-lattice relaxation l/Ji is 
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Figure 11: Pressure dependence of (a) the resistivity at T = 2.25 K just above the superconducting transition, (b) the A 
coefficient of the resistivity measured at a field H = 15T far above the upper critical field Hc2- (c) Specific heat jump 
AC/C at the superconducting transition as function of pressure. (Different symbols corresponds to different experiments.) 
(d) Pressure dependence of the initial slope of the upper critical field at the superconducting transition. Full circles are 
fro m ffie resistivity and specific heat experiments (l lOi Il03[l . open circles are taken from Ref. IlllL the pressure of 
Ref.fTTll has been normalized to our experiments. 



homogeneous independent on the local site what is also a nice hint of the coexistence of both 
states below p* |109, 94, 108J. By analyzing in detail the NQR spectra it could be shown that 
even at p = a small commensurately ordered volume fraction exists inside the incommens urate 
orde r which might be responsible for the observed superconducting transitions at /:> = 11104 , 



1051]. The coexistence phase seems strongly coupled to the commensurate magnetic order Thus 



in the phase diagram of CeRhlns a tetra-critical point appears Il94ll and p* is the pressure where 
the magnetic order is rapidly suppressed. 

Experimental evidence for the quantum critical pressure pc (defined from the extrapolation of 
Tn — > 0) can be obtained from the normal state, but also from the superconducting properties. A 
first indication of is the strong enhancement of the resistivity just above the superconducting 
transition (see Fig.fTTk) due to the enhancement of the scattering caused by critical fluctuations 
ill I2I1 . Above the su perconduc ting transition the resistivity shows an unusual sub-hnear tem- 
perature dependence ill lOi ll 13ll which is an indication of critical valen ce flu ctuation fll4] and 
has also been discussed in terms of unconventional quantum criticality 01 13ll . Another striking 
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Figure 12: Magnetic field phase diagram of CeRhlnj at different pressures for a magnetic field applied in the ah plane 
(blue symbols for magnetic transitions, red symbols for superconductivity), a-b) The magnetic phase diagram is almost 
unchanged compared to p = up to p* . However. Hci(T) detected by specific heat (red stars, taken from Refill) is 
much lower that detected by resistivity. Remarkably magnetic order is induced inside the superconducting dome in the 
pressures p* < p < p^, as shown for p = 2.4 GPa in c). d) For p > p^ no magnetic order appears. 



feature is the strong enhancement of the inelastic scattering term in the resistivity as shown in 
Fig. [TTb ) where the pressure dependence of the A coefficient of the resistivity p - po + AT^ 
obtained at high magnetic field H = 10 T is plotted. Again, a strong maximum appears at p^, 
and below pc the average effective mass derived from yfA/m * - const increases similarly to 
the effective mass /32 branch obtained by dHvA measurement fl lO'] indicating strongly that the 
enhancement of the A coefficient is coupled to a band effect [47]. 

Figure [TTt-d) shows the pressure dependence of the specific heat anomaly AC/C at in zero 
magnetic field and of the initial slope of the superconducting upper critical field . Two points are 
remarkable: firstly both quantities show pronounced peaks at pc indicating a maximum of the 
effective mass. Secondly, there is a strong inc rease of both quantities just at the critical pressure 
p* where the magnetic order collapses. In Ref.'l 15' an analysis of the entropy at the magnetic and 
the superconducting transition as function of pressure shows that in the same way as the entropy 
at Tn decreases the entropy at Tc increases. This clearly shows the close coupling of both orders, 
and explains the strong increase of the specific heat jump at p*. The initial slope of the upper 
critical field - {dHc2ldT)T=Tc ~ Tdv^ is a good measure of the average Fermi velocity Vf 
in a plane perpendicular to the applied field and thus a strong change of vp occurs at p*, as Tc 
varies rather smoothly in that pressure range (see Fig. 0. This shows that a strong change in the 
electronic structure already appears at this pressure in zero magnetic field. 

5.2. Magnetic field ejfect: Re-entrance of the antiferromagnetic phase 

Figure [12] shows the magnetic field phase diagram of CeRhlns for different pressures. At 
ambient pressure the magnetic properties have been studied in detail up to 60 T ll 16ll . For 
magnetic field H ± c the critical field to reach the field induced paramagnetic state is H,„ ^ 52 
T. For H \\ c Hm has not been determined. The magnetic phase diagram for H ± c shows three 
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different phases and the magnetic structures have been determined by neutron scattering ll97ll . 
At low pressure the incommensurate structure (AF I) changes to a commensurate (AF III) with 
Qc={0.5, 0.5, 0.25) at a field Hjc ~ 2.25 T. Phase AF II shows also the incommensurate ordering 
vector, but a collinear sine wave is formed. 

As discussed already above, under application of pressure the magnetic phase diagram does 
not change up to /:> = 1 .7 GPa, and three distinct phases do appear under magnetic field. How- 
ever, the magnetic structures have not been determined up to now. Figure [T2b ) demonstrates 
that the occurrence of superconductivity, and the determination of the magnetic phase diagram is 
very sensitive to the pressure condition and to the experimental probe. Whereas in specific heat 
experiment only a small superconducting region appears (see Fig. [TOb . in resistivity experiments 
the superconducting region in the (T,H) plane is much larger: the superconducting phase dia- 
gram determined by resistivity is only comparable to the bulk superconducting state for p > p* . 
A spectacular observatio n is the re-entrance of magnetism in the pressure range p* < p < p* 
(see Fig. [nt) fllTilTol. At zero field the ground state is a superconductor as shown in Fig. 1131 
for p - 2.4 GPa, but for i/ > 4 T a second sharp anomaly is observed inside the superconducting 
state. This field induced, probably magnetic, state seems to coexist peac efull y with superconduc- 
tivity in that pressure range, and extends above the upper critical field Above the critical 
pressure pc, no field induced state has been observed. This lead to the proposal that the field in- 
duced state is strongly connected to the the vortex state and to the Fermi surface properties, and 
also points the relative weakness of superconductivity under magnetic field in comparison to the 
robustness of antiferromagnetism, even up to the critical pressure pc (weak field dependence of 
Tn(H) by comparison to TdH)). Furthermore, we want to mention that in CeRhlns field induced 
phases appear for both crystallographic directions, by contrast to the case of CeCoIns which will 
be discussed below. 

An intuitive picture of the coexistence regime under magnetic field is that magnetism nucle- 
ates in the vortex cores and long range magnetic order would occur spontaneously at high enough 
magnetic field where vortex cores almost start to overlap. A theoretical description of the coex- 
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Figure 14: (H, T) phase diagram of CeRhlnj at T = indicating tlie Fermi surface topology in the dilferent states of the 
phase diagram. The boundary between the "small" Fermi surface (localized description of the 4/ electron) and of the 
itinerant paramagnetic phase ("large" Fermi surface with itinerant description of the 4/ electron) is indicated by thick 
black line. One yet unsolved question is the Fermi surface topology in the AF+SC state with the strong interplay between 
antiferromagnetism and superconductivity. One can speculate that at // = an itinerant Fermi surface persists down to 
p* as indicated. The different magnetic structures are not indicated. 



istence regimes in CeRhlns may be given in the framework of SO(5) theory (see Ref. Il 18l and 
references therein). In this model, developed for high superconductors, the spin and charge 
modulations of the system are interpreted as textures of the SO(5) superspin as it rotates in SO(5) 
space. Thus superconducting (the gap Asc) and magnetic order parameter (staggered magneti- 
zation Mg) are coupled so that \Asc\^ + \Mg\~= 1. However, detailed predictions for microscopic 
experiments to test the theory are still missing. 

The re-entrance of the magnetism in the superconducting phase is also strongly coupled to 
Fermi-surface properties. By dHvA experiments under high magnetic field it has been shown 
that at pc the volume of the Fermi surface changes abruptly [119j from a small, / localized 
Fermi surface to large, / itinerant, one and that the volume of the Fermi surface above pc is 
comparable to that of CeCoIng. The dHvA frequencies change abruptly at the critical pressure 
Pc and the cyclotron mass of the heavy /32 and the Q'2,3 branches are strongly enhanced on ap- 
proaching Pc- Above pe only the a branch has been observed. Other branches are not detected 
mainly due to the existence of a large cyclotron effective mass close to 100 ;«(). Figure [T4l gives 
a sketch of the (H, T) phase diagram at T = 0. A still open problem is the Fermi surface in 
the coexistence regime AF+SC. Furthermore, inside the AF phase new additional frequencies 
have been observed for p > 1.7 GPa which may account for changes in the magnetic structure. 
However, we want to emphasize that dHvA experiments are performed for fields H > Hd and 
thus the abrupt change of the Fermi surface at zero field may already appear at p* as indicated 
in Fig. [14] A strong indication for this perception is that strong variations in the electronic states 
appear already at p* (suppression of magnetism and accompanied formation of a superconduct- 
ing ground state). Future experiments have to clarify this point. Finally, we want to mention that 
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Figure 15: (Left panel) Combined temperature, pressure and field H ± c phase diagram of CeRhlns with antiferromag- 
netic (blue), superconducting (yellow), and coexistence AF+SC (green) phases. The thick black line in the H - p plane 
indicates the proposed line where the Fermi surface changes from 4/ "localized" (small Fermi surface and topology 
comparable to LaRhlns), to 4/ "itinerant" (large Fernii suiface as in CeCoInj). (Right panel) Proposed phase diagram of 
the high cuprates showing the interplay between superconductivity (SC), spin density order (SDW). and Fermi surface 
configuration as function of carrier density (x), temperature (T), and magnetic field (H) perpendicular to the CuOa layers 
(taken from S. Sachdev, Ref 1120) . 



above the critical pressure pc no magnetic phase has been observed indicating that magnetism is 
connected to the "small" Fermi surface and the magnetic phase diagram collapses at pc- 

5.3. Concluding remarks on CeRhlns 

High pressure studies on CeRhlns allowed very deep insights in the interplay between anti- 
ferromagnetism and superconductivity due to the fact that their ordering temperatures becomes 
very close in the critical pressure region and also that the critical pressure can be reached in 
large volume pressure cell. This allows detailed ac calorimety, quantum oscillation, and NQR 
experiments to draw precisely the phase boundaries and the correlations with Fermi surface or 
or magnetic structures changes. The broadly accepted picture is that antiferromagnetism and 
superconductivity homogeneously coexist below p* when the magnetic structure is commensu- 
rate with the crystal structure. When the superconducting transition temperature Tc as function 
of pressure is higher than the Neel temperature, magnetism is rapidly suppressed at this critical 
pressure p* and the ground state is a d wave superconductor with Une nodes. Thus, the col- 
lapse of the antiferromagnetic phase is closely related to the pressure induced superconducting 
state. The maximum of Tc coincides with a maximum of the effective mass of the charge carri- 
ers, and under high magnetic field a change of the Fermi surface occurs at this pressure. In the 
pressure region p* < p < Pc long range magnetic order can be recovered by the application of 
high magnetic field even inside the superconducting state, but the antiferromagnetic order also 
persists for fields far above the upper critical field 7/^2 ■ This induced phase disappears due to a 
reconstruction of the Fermi surface at the expected magnetic quantum critical point in absence 
of superconductivity. 

We want to compare the observed phase diagram of CeRhlns to that of other classes of strongly 
correlated electron systems. The generic phase diagram of the iron based pnictides with Th Cr2S i2 



structure, e.g. Ba(Fei„j:COi)2As2, is very similar to that of CeRhlns (see e. g. Refs. lJ2Ull22ll '). 
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The parent compound of this family of pnictides, BaFe2As2, exhibits antiferromagnetic spin 
density wave order below r^v = 140 K which coincides with a structural transition to an or- 
thorhombic low temperature structure. Under doping or high pressure the structural transition is 
detached from the magnetic transition and in both cases superconductivity is induced. The max- 
imum of Tc coincides with the onset of a purely superconducting ground state at optimal doping. 
The coupling of antife rromagnetism and superconductivity has been shown by neutron diffrac- 
tion experiments f 123] with a strong reduction of the intensity of the magnetic Bragg peak below 
Tc- The superconducting order parameter in pnictides is m ost pr obably a two-band, presumably 
sign changing i-wave function (see e.g. recent reviews iH, Il24ll . However, many details of the 
phase diagrams of pnictides have still to be enlighten, such as e.g. the Fermi surface properties 
in the different phases or the role of the magneto-elastic coupling. Progress will also depend on 
the possibility to grow high quahty single crystals. 

Finally we want to compare the phase diagram of CeRhlns with one proposed for the high Tc 
cuprates. A striking point is the similarity between the proposed phase diagrams of the two sys- 
tems which are shown in Fig. [15] (A significant difference is of course that the parent compound 
of cuprates is an antiferromagnetic Mott insulator) The pressure variable in CeRhlns is replaced 
by the carrier concentration for the cuprates. In zero magnetic field the magnetic quantum critical 
point at pc or x„, for the cuprates is hidden by the onset of superconductivity at high temperatures. 
The underlying quantum critical point determines the normal state properties, the observed non 
Fermi liquid behavior with the linear T dependence of the electrical resistivity in the "strange" 
metallic regime. The formation of a superconducting ground state has also i nflue nce on the spin 
density wave order and shifts its disappearance to a concentration jc, < Xm 11 12511 comparable to 
the pressure shift of disappearance of magnetism in CeRhlns from pc to p* in zero magnetic 
field. 

In both classes of systems at a magnetic fields higher than the upper critical field Hc2 a Fermi 
surface instability is connected to the collapse of the magnetic phase. The case of CeRhlnj has 
been discussed above as a transition from a 4/ localized to a 4/ itinerant state with a large Fermi 
surface. In the high Tc cuprates a change of the Fermi surface at high field through appears 
from small Fermi surf ace pockets in the underdoped regime x < x,„ to a large Fermi surface in 
the overdoped regime [HI [lH [iM ■ 

Under magnetic field the appearance of vortices favors the re -entrance of magnetism in the 
superconducting state: for CeRhlnj this may happen in the pressure range p* < p < Pc, for 
different h i gh Tc mat erials this has been ex perimentaUy sh own by neutron scattering experi ments 



xpemi 



1331 IIM [13511, NMR experiments UM 1371113811 . or muon spin resonance (/vSR) |[i3 



11 . The boundary between SC-fSDW and SC phase moves from Xs to Xm (M-point) when H 
reaches Hc2(xm)- Thus the line between the points {xs,H - Q),{x,„, Hm) in the x,H plane at 
r = between SDW-hSC and the pure superconducting phases delimits two difl'erent regimes: 
small Fermi surface pockets (left of the line) in the SDW-i-SC phase and a large Fermi surface in 
the sole SC phase. As discussed above, a similar scenario may be valid for CeRhlns. 



6. Unconventional Superconductivity in CeCoIns 

Soon after the discovery of pressure-induced superconductivity in CeRhlnj, the Los Alamos 
group discovered that CeCoInj is superconducting already at ambient pressure. The supercon- 
ducting transition temperature Tc = 2.3 K is yet the highest for all Ce based heavy fermion super- 
conductors li341 . Compared to CeRhlns the lattice volume is smaller, which explains the stronger 

20 



I 1 i-l 1 I 1 I 1 

2 4 6 8 



r(K) 

Figure 16: (a) Specific lieat divided by temperature of CeCoIns. (b) Temperature dependence of the resistivity p vs. T of 
CeCoIns. Above the superconducting transition p shows a linear temperature dependence up to T ai 10 K. 



hybridization. This more general view has also been confirmed by electronic structure calcula- 
tions with density-functional theory combined with dynamical mean-field theory (DFT-hDMFT) 
for all three Ce-115 compounds [102]. These calculations clearly show that the Rh compound is 
most localized while Celrlns is most itinerant but this is not only an effect of the lattice structure, 
but also a consequence of the the chemistry of the transition metal ion (mainly the difference 
between 3>d, Ad and 5d orbitals). 

The normal state properties of CeColns indicate strong deviations from a Fermi-liquid be- 
havior and the closeness of the system to an antiferromagnetic QCP. The electrical resistivity 
sho ws al most a linear temperature dependence above the SC transition up to about T = 10 K 
iS. Il4lll (see Fig. [T6b . The specific heat coefficient just above the superconducting transition 
temperature is enhanced CIT - 290 mJ/(mol K^) but no coherent Fermi liquid is realized when 
superconductivity appears. It is the Cooper pairing which will drive to the coherence as shown 
in the huge jump of the superconducting transition in zero field at Tc, A(C /T) / {C /T)\t^- 4.5, far 
above the weak coupling limit predicted for if C is equal to jT. Under magnetic field just above 
the upper critical field C/T increases with C/T oc - In T and y » 1000 mJ/(m ol K^) is re ached 
when superconductivity is suppressed for both crystallographic directi ons |34a, Il42lll43ll . The 
maximum value of yiH) appears right at the upper critical field /?c2(0) il44ll . 

The Fermi surface of CeColns has been studied in detail by quantum oscillation 
It shows a nearly cylindrical and, therefore, quasi-two-dimensional sheet and several three di- 
mension sheets. There is very good agreement with the experimentally observed Ferm i sur- 
face and band-structure calculations treating the 4/ electrons as itinerant states HEol. Such 
a heavy 4/ band has been observed by angle-resolved photoemission spectroscopy (ARPES) 
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Figure 17: (Left panel)In plane angular dependenc e of the thermal conductivity k(H,6) for CeCoIns at T = 0.45 K 
indicating the four fould symmetry (taken from Ref . Il47h . (Right panel) Schematic presentation of the superconducting 
- dy order parameter with vertical line nodes. 



Superconductivity in CeCoIns has been shown to be unconventional with d^2_^2 symmetry (see 
Fig.fTTTi. This has been concluded from the observation of power law dependences of the specific 
heat and thermal conductivity 1 148], from the fourfold symmetry of the angular dependence of 
specific heat in the basal plane [149i,il5Ql and thermal conductivity lll47ll . and from the detection 
of a sharp resonance in neutron scattering experiments which appears in the superconducting 
phase ifJlll . Microscopic evidence for the c/-wave state is given by the absence of a Hebel Slichter 
peak and the l/Ti oc temperature dependence in the NMR relaxation rate [151]. The large 
initial slope of the upper critical field Hd indicates high effective masses characteristic for the 
heavy fermion superconductivity with short coherence length = 82 A and = 32 A ll90il . The 
anisotropy of the upper critical field can be explained by an effective mass model. The mean free 
path { > 1000 A shows that superconductivity is in the clean limit. Details of the upper critical 
field and the superconducting phase diagram will be discussed below. 

Microscopic indications for the closeness to an antiferromagnetic QCP and the strong anti- 
ferromagnetic spin fluctuations come from the temperature dependence of the spin-lattice relax- 
ation rate Ti which varies over a large temperature range from up to 100 K as l/Ti oc r'^"* 



1 15lLll52ll . Systematic NMR experiments have shown that antiferromagnetic spin fluctuations 



play an active role in the superconducting pairing ]153]. It has been shown that a strong corre- 
lation exists between the superconducting pairing symmetry and the magnetic anisotropy in / 
electron systems. For the Ce-1 15 family the favorable magnetic anisotropy is antiferromagnetic 
XY-type which favors c/-wave singlet superconductivity [154, 15 5, 156]. Further microscopic 
evidence that a Fermi-Uquid state is not reached even at low temperatures have been concluded 
from dHvA experiments where strong deviations from the u sual Fermi-liquid behavior of the 
amplitude of the dHvA oscillations have been reported lll45ll . These experiments indicate that 
CeCoIns is very close to an antiferromagnetically ordered stat e, and it h as been shown that small 
doping by Cd or Hg on the In site induced magnetic order [ 157 , 158 l[ . The intuitive coupling 
of magnetism and superconductivity in CeCoIns has been nicely demonstrated by neutron spec- 
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Figure 18: H — T phase diagram of CeCoIns for magnetic field H \\ a and H \\ c axis. For fields in both directions the 
superconducting transition is strongly Pauli limited and a first order superconducting transition has been observed below 
Tq (dashed line). Remarkably, for H \\aa. new HFLT phase, has been observed confined to the superconducting phase has 
been observed. From neutron dift'raction and NMR experiments incommensurate magnetic ordering is confirmed in the 
HFLT phase ( 16(lll6lLll62 . 1 63] . ESC indicates the exotic superconducting crossover regime 1 1 63 ] where already strong 
antiferromagnetic fluctuation s appear. Above the upper crit ical field HdiO) for both directions Fermi-liquid behavior has 
been observed above H^iiQ) ITMITjilTelfTil lie i rie^l. 



troscopy with the appearance of a sharp inelastic peak that appear s for an energy of 0.6 meV 



3kBTc) at the antiferromagnetic position Q = (1/2, 1/2, 1/2) 151, 159tl . 



6.1. Superconducting state undermagnetic field 

In most superconductors, the upper critical field Hc2 to suppress superconductivity is largely 
dominated by the orbital pair breaking due to the large Fermi velocities. The Zeeman energy of 
the electron spin in a magnetic field has also influence on the upper critical field: when the Zee- 
man energy of the electrons in the normal state gets larger than the superconducting condensate 
energy [the so-called Pauli limitation is reached, leading to a superconducting to normal state 
transition]. The relative strength of the Pauli and orbital limiting fields is reflected by the Maki 
parameter a - yl2H°2 j H^^- If the orbital limit is totally quenched, as e.g. in two-dimensional 
thin films, Hc2 is expected become first order below Tq - Q.56Tc. The large Zeeman splitting 
can also give rise to the formation of a pe cuhar spat ially modulated SC state, as predicted by 
Fulde-Ferrell-Larkin-Ovschinikov (FFLO) lll68[ 116911 . Basically the magnetic polarization will 
induce an instability of the Cooper pairs which have to be formed from spin up and spin down 
components, inducing a FFLO modulated phase along the direction of the external field. 

The {H - T) phase diagram of CeCoIng shows several peculiarities manifesting the strong 
interplay of magnetism and superconductivity. Figure [18] shows the phase diagrams for H \\ a 
and H \\ c. Indeed, the superconducting transition gets first order for T < To - 0.7 K and 
T < To = 1-1 K for H \\ c and H ± c, respectively, indicating the strong Pauli limit lll70ill7ll 



1421] ■ The strong Pauli paramagnetic pair breaking is essential to understand the anomalous field 
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Figure 19: Enlaged view on th //-T phase diagram close to Hc2{0) of CeCoIns for magnetic field H \\ a. (Inset) Magnetic 
structure of CeCoIn5 at 7 = 60 mK and // = 11 T. The red arrows show the direction of the magnetic moments, solid red 
line indicates the modulation of the amphtude of the magnetic moment along the c-axis. Yellow and blue circles indicate 
the position of the In and Co ions. (Figure is taken from Ref. ll60l ) 



dependence of the vortex lattice form factor 1^ 172 173 174 1 . It will drive a Pauli depairing of the 
Cooper pair in a first order metamagnetic transition. 

A new phase appears for H in the a, b plane at high magnetic fields and low temperatures 
(HFLT) inside the superconducting phase and this phase does not extend above Hc2 by contrast 
to the case of CeRhlns. Therefore the HFLT phase (named Q-phase in Ref. J.6Q) has first been 
interpreted as the realization of a FFLO state and caused intense research in the field. The 
HFL T phase has been identified by different experimental probes incl uding specific heat lll75l 



14211 . thermal conductivity [176.1 . ultrasound velocity 1.177.1 . and NMR 1117811 . However this first 



interpretation had been revised afte r the obse rvation of spin density wave (SDW) order in the 
HFLT phase by neutron difiraction (wdjm^ and NMR experiments lUil [nl [IM EH . The 
magnetic structure of the Q phase is indicated in Fig. [19] Independent of the direction of the 
magnetic field in the basal plane, spin-density wave order with an incommensurate modulation 
Q= {q, q, 0.5) with q - 0.44 occurs with a small ordered magnetic moment of ~ 0.15;Ub pointing 
along the c direction, independent of the strength of the magnetic field. Indications of some exotic 
superconducting crossover phase (ESC), different from the usual Abrikosov vortex state but also 
from the Q -phase, has been detected even below the second order phase transition to the Q- 
phase 11 16311 . These observations exclude a pure FFLO scenario for the HFLT phase. However, the 
fact that the HFLT phase is restricted to the superconducting state indicates the strong interplay 
between both orders. The origin of the field-induced SDW in CeCoIns has led to the development 
of several theoretical approaches. All of these are based on the closeness of the system to an 
antiferromagnetic quantum critical point which leads to enhanced spin fluctuations, strong Pauli 
limit, and the possible appearance of an extra tt (triplet) superconducting component. This opens 
the possibility to mix singlet and triplet Cooper pairing channels via breaking the translation 
invariance when the HFLT phase is established. 

In Ref. il60ll it is discussed that the addition to the ambient d-wave superconducting compo- 
nent Ao, the SDW order is coupled to a pair density wave (PDW). It has been suggested that the 
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rapidly modulated SDW is coupled to 7r-pairing superconductivity of odd parity and arises from 
the presence of a long-wavelength modulated PDW associated with the Fulde-Ferrell-Larkin- 
Ovchinnikov (FFLO) state. Aperis et al. have pointed out that the HFLT state may represent 
a pattern of coexisting condensates: d-wave singlet sup erconducting (SC) state, a staggered n- 
triplet SC state, and a spin density wave (SDW) III8III . In the model of Yanase and Sigrist 
I I82II 18311 the SDW order can arise in the FFLO state as a consequence of the formation of An- 
dreev bound states near the zeros of the FFLO order parameter. It is the large density of states 
in the bound states that triggers the formation of the incommensurate SDW order. Other models 
are based only on the strong Pauli p aramagne tic su perconductivity and the nodal gap structure of 
the d^2_y2 symmetry iniliilliil]. In Ref. {TUl an approach is given which connects the high 
field antiferromagnetism to the spin resonance. 

From an experimental point of view, a coexistence of the Q-phase with a FFLO one has not 
been clearly demonstrated. Future microscopic experiments, like neutron scattering or NMR may 
give further experimental grounds. E.g. in Refs. [,187, .183il the appearance of additional satellite 
peaks in neutron scattering have been predicted, but up to now all experiment s hav e failed to 
resolve such peaks. Another possibility will be to apply pressure, as e.g. Ref. OlSBh predicts a 
decoupling of an FFLO state and the field induced magnetism with increasing pressure. The 
response to impurities of SDW order and superconductivity may be diff'erent too. 

By turning the field from H \\ aio H \\ c the HFLT phase vanishes for angles above (p ~ 20° 
lfr88. 189] and the vector of the SDW order does not change with angle ( at least up to 12°). This 
angular dependence questions the connection of the anomalies seen close to the upper critical 
field Hc2 along the crystallographic c axis. No evidence for a Q-phase exists for field along c 
axis and the anomalies reported in NMR [190] and /iSR experiments [191] do not indicate a 
phase transition line from a vortex state to a FFLO or a magnetically ordered state. For H \\c the 
superconducting transition g ets fir st order to o and the Pauli depairing is the dominant mechanism 
to suppress SC close to Hc2 il72|[ . In Ref. Il84|[ it has been stated that the appearance of the Q 
phase will be restricted to the basal plane where the lines nodes of the superconducting gap occur 

The phase diagram of CeCoIns for H along the c axis has been studied mainly with the focus 
on a putative field induced quantum critical point very close to HciiQi) and the vortex lattice which 
is strongly connected to the Pauli limiting field. A putative field induced quantum critical point 
in CeCoIns has b een fi rst discussed on the basis of transport measurements [ 16?] and specific 
heat experiments [Il42ll to coincide with the upper critical field //c2(0) indicating that the Fermi 
liquid regime collapses right at the upper critical field. In the specific heat a logarithmic increase 
to low temperatures has been observed for i/ = 5 T and for // > 8 T a Fermi liquid regime has 
been recovered. However, due to the strong hyper-fine contributions to the specific heat the very 
low temperature regime cannot be attended. Thermal conductivi ty experiments for H \\c give no 
conclusive result on the break down of the Fermi liquid regime m65Lll92Lll93[l . 

Recently resistivity experiments to much lower temperatures (r > 8 mK) show that the Fermi 
liquid regime does not collapse at Hc2(0), but stays finite lll66ll . An extrapolation from the para- 
magnetic regime would indicate a magnetic quantum critical field below HdiQ) at QSlHdiQ), 
not far from the field where the superconducting transition at Tc gets first order A same putative 
quantum critical point inside the superconducting phase has been referred from Hall effect 11194 1 
and recently from thermal expansion experiments (\9?\. 

Careful magnetization measurements allowing to extract both the magnetization and the field 
varia tion of the y coefficient below Hd shows no evidence of a HFLT phase for this direction 
14411 ■ Furthermore the singularity of y occurs at Hc2(0). Thus we want to point out that the 
appearance of magnetic criticality occurs through the interplay between magnetism and super- 

25 



— I — ' — I — ' — I — ' — r 
Pmax CeColn. 




15 

CM 

I" 5 




-1 1 1 1 1 1 r- 



HI/ a \ 



H//C ~-0-~_ 
_i I 1 I 1 I i_ 



12 3 4 

P (GPa) 



— I — ' — I — ' — I — ' — r 

- «** 



HI/ a 



H/lcd- 



- 4 



^% (b) 



J 1 I 1 I 1 L 



o 



- 2 



O 

<1 



-1 1 1 1 1 1 r- 



(d) 



_1 I I I I I L 



l:Q_ 




30 



- 20 p 

CM 
^ O 

- 10 ^ 




12 3 4 

P (GPa) 



Figure 20: (a) High pressure phase diagram of CeCoInj (from Ref. '98'). (b) Pressure dependence of the specific heat 
jump at the superconducting transition |98]. (c) Pressure dependence of the upper cri tical field HciiO) for different 
crystallographic directions. (Circles from Ref. 197, triangles from Ref. 198, squares from ll99l) . (d) Pressure dependence 
of the initial slope -H' = dHdldT at Tc for // || a and // || c. 



conductivity and not at all through an isolated mechanism. This is in agreement with the theoret- 
ical result that superconductivity will enhance the proximity to a magnetic quantum critical poin t 
since it reverses the sign of the mode-mode coupling term in the spin-fluctuation frame 1119611 
The importance of the Pauli depairing is reflected in the strong increase of y{H) on approaching 
HciiO). The novelty in CeCoIns is that the field induced antiferromagnetism is pegged to Hc2 
for H \\ a and never occurs for H > Hc2 or for H \\ c. The link to antiferromagnetic quantum 
criticality induces static antiferromagnetic order for H \\ a due to the coherence of the Cooper 
pairs and in difference for H \\ c only an enhancement of the fluctuations towards a quantum 
critical point is realized. 

6.2. CeCoIn^ under high pressure 

The high pressure phase diagram of CeCoInj is shown in Fig. |20l Tc increases first under 
pressure up to Tc ~ 2.6 K at p„,cu = 1.3 GPa and the superconducting dome extends at least up 



to 5 GPa II141L 19811 . In magnetically mediated superconductivity it is generally believed that the 
maximum of Tc appears just right at the antiferromagnetic critical point where the effective mass 
due to the fluctuation takes its maximum, as previously discussed for CeRhlns. However, the 
general picture for CeCoInj is that with increasing pressure antiferromagnetic fluctuations are 
suppressed and thus the systems is tuned away from the quantum critical point. This has been 
clearly shown by NQR experi ments ll200ll and also by dHvA experiments which show a decrease 



of all cyclotron masses 11201 1. 
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Figure 21: (a) Upper critical field of CeCoInj for field along the a axis and c axis. The arrows indicate the field where 
the superconducting transition changes to first order. Under pressure, no signature of the HFLT phase could be observed, 
in dift'erence to Ref 11981 . 



In Fig. |2 T| we show the upper critical field Hc2 for different pressures determined by ac 
calorimetry The pressure dependence shows two remarkable points: (i) for H \\ a the 

upper critical field He2{0) has its maximum at p^ax where Tc is maximal, but for H \\ c, //^(O) 
decreases with pressure even when Tc increases, a fact which cannot be easily understood. As 
shown in Fig. I^Of b) the size of the superconducting specific heat anomaly and the initial slope 
of the upper critical field (Fig. l20? d)) decreases monotonously with increasing pressure without 
any strong anomaly at Pma.x- From the initial slope it can be estimated that the effective mass 
decreases by almost an factor of two for both field directions, in agreement with the cyclotron 
masses determined in dHvA experiments 11201 1. 

We want to emphasize that in CeCoInS the variation of the upper critical field HciiJ) under 
pressures is no t only determined by the strong coupling constant A, by contrast to the case of 
CeRhlnj lUToll . The main difficulty to be explained is the strange behavior for H along the c 
axis, where the Pauli hmiting is strongest, as w ith increasing pressure up to 1.5 GPa Tc is in- 
creasing, but Hc2{0) is decreasing. In Ref. f202'] the possible coupling of the superconducting 
order parameter to fluctuating paramagnetic moments is discussed and it is shown that the pres- 
ence of uncompensated moments give rise to a suppression of Tc and an increase of the jump at 
the superconducting transition temperature. Taking such a paramagnetic pair breaking mecha- 
nism, which will decrease with pressure, i nto a ccount, a qualitative explanation of the pressure 
dependence of the Hciip) is given in Ref. i203ll . 

In our experiment we have not been able to follow the pressure dependence of the HFLT phase 
1 1971] . In previous specific heat experiments [198] the HFLT phase has been found to expand 
under high pressure up to 1 .5 GPa while magnetic fluctuations are suppressed with pressure. 
This has been interpreted as an indication that the HFLT phase may be coupled to an FFLO 
state and the conditions favorable for the formation of an FFLO state are still valid. E.g. the 
first order nature of the superconducting transition can be followed up to 2.6 GPa along the c 
axis and the Maki parameter, which is strongly pressure dependent, decreasing from a - 4.4 
to L34 for H \\ a and from 7.4 to L8 for H \\ c axis. Of course, the microscopic evidence of 
the HFLT phase un der h igh pressure is missing up to now and deserves new experiments in the 
future. E.g. in Ref. 18311 is has been proposed that underpressure, due to the suppression of the 
antiferromagnetic fluctuations a separation of the SDW order and a FFLO transition should be 
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Figure 22: Pressure dependence of (a) the Neel temperature Tn and the superconducting transition temperature T^, (b) 
specific heat jump at the superconducting transition, and (c) the upper critical field Hc2 for H ||[001] in CelrSis (taken 
from Ref | 38]). 



observed and thus two separate transition lines should be observed. However, this has not been 
observed in the specific heat experiment, but should be observable by e.g. NMR experiments and 
small changes in the NMR spectra could be resolved. Clearly, the stabilization of the Q-phase is a 
complex interplay between magnetism and superconductivity which involves the strong coupling 
regime and of the topology of the lines of zeros, i.e. the dispersion of the Cooper pair excitations. 



7. Non-centrosymmetric Superconductors 

The crystal structure of all above discussed superconductors are characterized by a center 
of inversion symmetry which allows a classification in even (spin singlet) or odd parity (spin 
triplet) superconducting order parameters [204 1. Thus, the observation of superconductivity at 
Tc ~ 0.7 K in non-centrosymmetric CePt3Si below the antiferromagnetic transition at = 2.2 K 
has been a surprise and opened another very rich field of intense research |36]. In strongly 
correlated electron systems there exist now differen t inte resting cas es: C ePtaSi [36, 20.5.1, and the 
members of the so-called Ce-113 family CeRhSis lEoell . CelrSis (|207l|37t|, CeCoGeT oTl Eosll 



and CeIrGe3 f209'l. For all examples superconductivity appears in the pressure window where 
the antiferromagnetism will be suppressed (see e. g. Figi22](a)). Furthermore, as in CeRhlns at 
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H - 0, above p*, where T^ip) - TJp), the superconducting phase transition as measured by 
resistivity or specific heat is very sharp and the phase diagrams are very similar 

In addition to the strong correlations due to the antiferromagnetic instability, another key input 
is the strong anisotropic spin-orbit interaction caused by the lack of inversion symmetry. This 
Rashba-like type of interaction causes a lifting of degenerate bands in the density of states, sep- 
arating spin up and spin down states. If the energy of spin-orbit coupling is much larger than the 
superconducting gap, interband Cooper pairing between electrons of the spin-orbit split bands is 
prevented which gives new consequen ces, e.g. mixing of even and odd pairing superconducting 
states are now allowed I 210l 21 1 , 212 1. This mixing can give lines in quasi-particle excitations. 

Here we will not review all aspects of non-centrosymmetric systems, recently detailed reviews 
are given in Refs. |205[ |2 1 311 . Let us focus on the high pressure, high magnetic field phase 
which is shown in Fig.|22l Antiferromagnetic order is observed up to p*, 
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without superconductivity the magnetic order would vanish at the critical pressure pc > p*. For 
p < p* a coexistence regime of magnetism and superconductivity exist, but e.g. the specific heat 
anomaly at the superconducting transition below p* is very small in zero field. When entering in 
the pure superconducting regime above p* the jump of ACac/Cac at Tc reaches abroad maximum 
when Tcip) goes through a broad maximum [.214.1 . 

The surprise here is the huge value for i/c2(0) close to the pressure pc where has its maxi- 
mum indicating that the system reaches some criticality under magnetic field right at Hc2(0) for 
p - Pc- This phenomena seems now well explained in a formulation where the Pauli and orbital 
depairing effect are treated on equal footing with an interplay between the Rashba sp in-orbit in- 
teraction and the spin fluctuations enhanced near the quantum critical point l215ll216 1. This can 
also clarify the large anisotropy of the upper critical field between H \\ c where no Pauli limitation 
occurs by contrast to H ± c. We want to notice that no field r e-ent rance of antiferromagnetism 
has been observed in the pressure range between p* < p < Pc ll217ll . 



8. Conclusion 

In this article we concentrated on the (T, p, H) phase diagram of Ce-based heavy fermion su- 
perconductors. The interplay between antiferromagnetic order and superconductivity associated 
with the proximity to a magnetic quantum phase transition gives strong evidence that the uncon- 
ventional superconductivity is generated by spin and/or valence fluctuations. Both instabilities 
often cannot be distinguished and are mixed. The interest of heavy fermion systems are the 
chance to be able to grow excellent large single crystals and the opportunity to perform a large 
variety of experiments in a parameter space which is comfortable for experimentalists: a large 
temperature window due to high ordering temperatures Ta? ~ ~ 2 K, moderate magnetic 
fields Hc2 ~ 10 T, and comfortable pressure range p < 3.5 GPa for reliable microscopic and 
macroscopic probes. This allowed rapid breakthroughs notably in the Ce-115 family. 

The exotic properties are the result of strong electronic correlations, the proximity to a mag- 
netic and/or a valence instability, and the specificity of unconventional superconducting ground 
states characterized by their line or point nodes. For experimentalists and for theoreticians, it is of 
course challenging to measure, predict or analyze what will be the response in the pressure-field 
parameter space. Many observations were unexpected as very often only experimental facts lead 
to reahze the originality of the situation. The heavy fermion materials have allowed to observe 
very often first unique phenomena with great accuracy. The final message is with positive mind, 
lucky interesting, and unexpected results can emerge. 
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